The Scanning Electron Microscope

Introduction
OOME early attempts to build a scanning type of electron microscope came to nothing, mainly because the recording systems then available were not sensitive enough to produce an image in a reasonably short time (von Ardenne, 1938; Zworykin, Hillier and Snyder, 1942) ; in modern terminology, the signal-to-noise ratio was much too low. The effective development of the instrument began with the work of McMullan (1953) in the Engineering Laboratory of Cambridge University, and was continued there by a succession of workers under the direction of Professor Oatley, resulting finally in the prototype of a production scanning microscope. The working out of the practical problems involved in its design and operation has thus been almost entirely the work of that Laboratory, so no apology is necessary for the fact that this survey will describe mainly the research done at Cambridge. Other laboratories have begun to take up the technique in the past few years, and some of them reported their contributions in other sessions of the Kyoto Congress. An extensive review of the subject has recently been published by Oatley, Nixon and Pease (1965) , in which further details may be found of aspects for which space does not permit full discussion here.
Physical Principles
The scanning microscope, in its usual form, forms an image in terms of the electrons scattered back from the surface of a specimen on which a fine probe of electrons is incident. The probe is typically a few hundred Angstrom units in diameter, and carries a current of between'10" 10 and 10~1 2 amp. at a voltage of 10-40 kV. The principle of the method is outlined in Figure 1 . The beam emerging from the triode electron gun is focused into a minute probe on the specimen by means of two or (as here) three magnetic electron lenses. It is deflected in a regular raster by scanning coils situated before the final lens, which is also fitted with a stigmator to correct its astigmatism. The specimen surface is arranged at an anp;le to the beam axis, to ensure a high yield of scattered electrons into the collector. The collector consists of a scintillator, to which a bias voltage may be applied, connected by a light pipe to a photomultiplier and video amplifier. The output from the latter is used to modulate a cathode ray tube in which the beam is scanned in synchronism with the raster on the specimen. For visual display a tube with a long-persistence screen must be used, operating at a frame repetition frequency of the order of one per second owing to the weakness of the signal. For photographic recording a short-persistence high-definition tube is used, the exposure being made in the form of a single frame scan over a time of 1 to 10 minutes. The magnification obtained is given by the ratio of the width of scan on the tube to the width of scan on the specimen, and is conveniently controlled by varying the latter, as indicated in Figure 1 . Since the specimen is inclined at an angle to the axis, the magnification will be different in the directions across and along its surface.
In the commercial form of the scanning microscope, produced by the Cambridge Instrument Company under the name of the "Stereoscan", the column is inverted as compared with Figure 1 , having the electron gun at the top. As "shown in the schematic cross-section in Figure 2 , three magnetic lenses are used, which produce an electron probe of minimum diameter about 250 A. A column designed for a still higher performance, in which the first two lenses are both of short focal length, has been described by Pease and Nixon (1965) , It forms a probe of minimum diameter 50-60 A.
The resolving power of the instrument is governed by a number of factors: the shot noise in the electron image, the current density which can be focused into the probe, the properties of the electron gun, the aberrations of the electron lenses (the final lens in particular), and the properties of the collector system. The instrumental requirements are to some extent determined by the allowable scanning time, which may (53) Scanning Microscopy with Electrons and X-rays 53 be as long as 10 min. The circuits supplying the high tension to the gun and the currents to the lenses must be highly stable over this period, to a few parts in 10 5 . The theoretical limitations and practical details of all these electronic and electron optical factors are fully discussed by Oatley, Nixon and Pease (1965) . However, there is a further factor which finally limits the resolution in the scanning image in practice: the penetration of the beam into the specimen. Scattering of the primary electrons entering-it; "and of the secondary electrons leaving i( have an important effect in broadening the p area from which electrons are received'by • the. collector; the smaller the probe diameter the greater is the relative influence on the practical resolution. Some improvement can be obtained by reducing the beam voltage and thus the electron range in the specimen, but the signal-noise ratio falls at the same time. It is concluded, on present evidence, that a better resolution than 50A is unlikely to be achieved in the reflection mode of Figure 2 . Cro»-sectionoi diagram of the column of operation. In transmission, and using a the -stereoscan" electron mic.oscope (Comver y thin specimen, a better ultimate bridge instrument Company;. resolution may perhaps be possible.
Image Formation
The scope of practical application of the scanning microscope is determined by the way in which it forms an image and by the factors which determine' the appearance of the image, i. e. by the mechanism of contrast, Its primary asset, is the ability to image surfaces, and this is made particularly useful by the-large depth of focus of the probe, which is much greater than that of an optical microscope at the same magnification. Even if the scanning electron microscope could not give a better resolution than the light microscope, it would still have great value because of this large depth of focus. An additional advantage is provided by the fact that the collector can receive electrons from " around a. corner ", owing to the action of its biassing field. By this means images can be formed from a",larger fraction of the surface of a fibre than can be directly .'seen," for example, -and* even from well down into a hole in the surface of a specimen: An> important feature of the scanning microscope image is therefore the considerable, impression'of.-surface'relief "it presents, giving almost a three-dimensional effect -.as iff Figure 4 ,. for-instance.-
The mechanism-of', contrast--formation in the image is. complicated, depending on the physical and-electrical conditions over the surface and-, on whether the collector receives only the true secondary electrons (of low energy) or the reflected primary electrons (of high energy), or both. Normally the secondary electrons are much the more numerous and also convey more information, but the reflected electrons give greater contrast. Three factors chiefly determine the image contrast, their relative influence depending on the nature of the specimen examined:
Surface Topography. Variation in the local angle presented by the surface to the incident beam profoundly affects the fraction of the electrons, primary or secondary, which is collected. A difference in angle of only one or two degrees can cause a detectable change in brightness of the image. The scanning images therefore are similar in appearance to those seen in an optical microscope from a surface under oblique illumination. If the surface is very rough, it may be desirable to alter its aspect to the incident beam either by changing its inclination or by rotating it in azimuth.
Chemical Constitution. The yield of secondary electrons from a surface at constant inclination depends on the local value of the secondary emission coefficient. For most materials, however, the coefficient differs very little from unity and only rarely does this factor contribute appreciably to contrast. The yield of reflected electrons, on the other hand, depends on the atomic number of the element encountered. The back scattering coefficient varies by a factor of about 6 over the periodic table from carbon to gold, so that contrast differences will be observable whenever the specimen surface contains elements of widely differing atomic number.' Aluminium and brass, for instance, show a readily visible difference in contrast.
Potential Variations. Since the secondary electrons leave the specimen with very 
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Applications
The various areas of application of the scanning electron microscope follow from the factors determining image contrast..., In general any specimen, except one that is perfectly smooth and composed of a single element, will show detail due to one or other of these factors. Since the conventional electron microscope is of little value for examining surfaces, except by means of replicas, it is clear that the scanning instrument has a wide field of use open to it, provided that a sample of the specimen can be prepared small enough and resistant enough to be mounted in the appropriate position, in vacuo. This proviso makes it difficult, but not impossible, to examine biological material. Very rugged surfaces, such as some fractures, also cause difficulty because the high regions mask the lower ones as seen from the collector. But apart from these special cases, almost any type of specimen can be examined in the scanning microscope. Insulating materials may cause trouble owing to electrostatic charging, but this can be overcome by coating them with a thin layer of aluminium or other metal by evaooration. An alternative solution is to ooerate at a verv low beam vol- tage, as low as 1-2 kV, as shown by Thornley (1961) . The reason appears to be that the secondary emission coefficient increases as the voltage is lowered, and a beam voltage can be found at which there is no net charging of the specimen. At such a low voltage the image resolution deteriorates, but this may be acceptable when it is feared that coating with metal would obscure important details in the specimen.
As typical illustrations of the imaging of surface relief, Figure 3 shows part of a diatom and Figure 4 the end of an iron wire broken by tensile fracture. The great depth of focus and three-dimensional appearance of the image is evident. Figure 5 is an example of the contrast produced by potential variations, and also shows two different ways of imaging. They are obtained from an unbiassed planar transistor, in which the potential difference is due to the incident beam itself (Chang and Nixon 1967) . Figure 5 A is formed by the usual method of brightness modulation, which distinguishes clearly the emitter base and the collector regions. Figure 5 B is formed by the method of frame modulation, in which the output signal from the microscope is used to produce a y-deflection of the display tube beam instead of to control its brightness. The result is an accentuation of the surface relief in the image, as seen here. This illustration was shown by Chang and Nixon in the Exhibition at the Kyoto Congress.
The scanning microscope therefore has found several uses in examining transistors, fabricated microcircuits and other semi-conductor devices. It also lends itself to the study of dynamic processes such as thermal decomposition, the activation procedure of a dispenser cathode and the sputtering of a metal surface by a beam of positive ions. Descriptions of such applications are given by Oatley, Nixon and Pease (1965) . Details which are actually below the surface of a specimen may also be revealed by the method of specimen-current recording, in which the output signal is obtained from an electrode in contact with the base of the specimen (otherwise insulated) instead of by collecting the scattered electrons in the usual way. This technique has been poineered at the Bell Telephone Laboratories (see Czaja and Patel, 1965) . It has been successfully used for a number of solid state problems, such as the distribution of imperfections in phosphorus-diffused silicon and of the dislocations produced in silicon by mechanical stress.
The scanning microscope is also now being increasingly used for biological investigations, especially where the specimen is resistant to vacuum exposure. In entomology it allows the whole of an insect, or a considerable part oi **-' t0 iDe i ma ged m a single micrograpĥ as m F S ure 6) instead of in a series of sections as in the optical microscope. It is also proving valuable for characterising the seeds and spores of botanical species, as described in another contribution to the Congress (Echlin et al., 1966) . Figure 7 illustrates the amount of detail which is revealed, in this case in a seed f the Morning Glory flower. Other biological applications have been for studying the layer structure of the domestic hen's egg and the heart valve surface in the pig (Dr. K. Little, Oxford; unpublished). These and a number of applications in biology which he has explored himself, are described in a paper presented to the Congress by Pease and Hayes (1966) .
A quite different biological field in which the scanning microscope has proved useful is the study of fibres. On the one hand the structure of paper has been the subject of a detailed investigation (Smith 1961) , and on the other hand both man-made and natural individual fibres have been examined, as well as the spinnerets through which the former are drawn. A detailed programme of research on wool fibres is now being carried out by Dr. Sikorski at the University of Leeds, with one of the first of the Stereoscan instruments produced in England.
The observation of biological material in the wet state is obviously beset with much greater difficulties. Attempts have been made by Thornley (1961) and by Pease and Hayes (1966) to do so, either by covering the specimen with a cellulose membrane or by enclosing it in a specially designed cell. Some images were obtained at low resolution, but the prospects for further improvement appear very doubtful.
The X-ray Scanning Microscope (Electron Probe Microanalyser)
The application of the scanning principle to the static electron probe microanalyser of Castaing (1951) had the effect of producing a new type of microscope, in which image contrast is due to variations in the intensity of characteristic X-ray emission over the specimen. Such an instrument was first designed and constructed by Duncumb (1957) in my laboratory (Fig. 8) . Since that time it has found a great variety of applications and several commercial models have been produced.
Physical Principles
The scanning microanalyser differs from the electron scanning microscope in that it records the X-rays emitted as the probe scans over the specimen. More exactly, it detects and quantitatively records the intensity of a particular X-ray line. Since the X-ray spectrum from an element is much simpler than the optical spectrum, the method can readily be used for the quantitative analysis of nearly any element in the periodic table. It is this capability of element discrimination that gives the scanning microanalyser a much wider range of applications than the scanning electron microscope, even though its resolving power is appreciably poorer, being not much better than that of the best optical microscopes. Properly speaking it is an X-ray microspectrometer, but as it also provides an image it may legitimately be classed as a microscope.
As Figure 9 shows, the microanalyser is 
Scanning Microscopy with Electrons and X-rays
59
In fact it is provided also with an electron collector, to form an image from backscattered electrons, as well as with a Bragg spectrometer and counter for forming an image from a selected X-ray line, The electron image is a valuable aid for searching the specimen and identifying areas chosen with the optical microscope as suitable for analysis. Because of the low efficiency of X-ray line emission, the electron image is always much stronger than the X-ray image, which may be hardly visible at all when the analysed element is present in low concentration. For the same reason a bigger beam current is required in the probe, usually between 10~6 and 10~< J amp., and the probe has to be correspondingly larger in diameter (0.25-2.5 jum). Even so, the scan time may be still slower than in the electron scanning microscope, about 1 frame in 2 seconds, and the exposure time for a visible image as long as 20-30 min. in an extreme case.
Often, however, an X-ray image will not be recorded, but only a count or a penrecorder trace of the proportional counter output whilst the probe is held stationary over a spot on the specimen or is scanned slowly along a line path across it. By a double-exposure technique this line can be superimposed on an electron image of that area of the specimen surface. After appropriate corrections for absorption effects, both of the incident electrons and of the emerging X-rays, these data yield a quantitative measure of the concentration of the analysed element. The nature of the matrix in which it occurs has also to be taken into account, and this is best done by calibration experiments made under the same operating conditions with standard samples of known composition. The specimen stage has space to accommodate a number of such standards, for immediate comparison with the unknown sample. The spatial and analytical accuracy attainable in the microanalyser depends ultimately on the signal/noise ratio, as in the scanning electron microscope. Additional factors now play a part, particularly the efficiency of the X-ray detection system in respect of the fraction of the emission collected, the reflecting power of the crystal spectrometer, the efficiency of the counter and the noise level and stability of the 00)°i amplifiers. The requirements have been analysed by Duncumb (1959) and Wittry (1958) , with the aim of finding the optimum beam voltage and probe current for a given situation. With the electron optical and electronic equipment at present available, the conclusion is that the optimum voltage is of the order of 2 to 3 times the excitation voltage for the required X-ray line and the current about 1 //amp in a probe of about 1 /urn in diameter. These results are valid for a solid specimen, the surface of which is being analysed. Quite different criteria have to be applied when a thin specimen is used, such as an extraction replica or a biological section (Marshall, Hall and Hale, 196') . A resolution of about 0.1 fim can be attained with such a specimen.
The analytical accuracy will depend very much on the nature of the element to be analysed and the matrix in which it exists. In a favourable specimen a detection sensitivity approaching 1 part in 10,000 can be achieved, with a relative error of less than 1%. In absolute amount, this means a minimum detectable mass of between 10~1 5 and lO'^g. Some other methods of microanalysis possess a still better concentration sensitivity, but none provide the localised analysis or the mass sensitivity of the electron probe technique.
The range of elements which can be analysed now covers almost the whole of the periodic table. The standard microanalyser, using a crystal spectrometer, can detect X-ray wavelengths from about 0.6A to 12A, permitting thê^^^^^^^^^ detection of all elements from the transuranic is more difficult and accuracy is lower. Spectrometers using layered crystals, such as lead stearate, are now available with which elements down to beryllium can be analysed. Alternatively the non-dispersive method devised by Dolby (1963) may be used, which involves deconvolution of the output of a proportional counter (see Figure 10) . The capabilities of specially ruled diffraction gratings in this wavelength region are now being investigated, and also the development of a solid state device as an X-ray detector.
Applications
The microanalyser is useful in any problem involving the identification and quantitation of one element in a matrix of one or more others, such as an alloy or mineralogical sample. Applications have already been reported in the following areas:
Identification of inclusions and mineral phases. 
Thickness of surface films, as in electroplating. Petrology, as in composition zoning, and exsolution phenomena. Meteorites, dusts and fall-out particles. Kossel line diffraction, for lattice parameter measurement. Sometimes the required information can be obtained directly from the image formed on the display tube by the signal from a given X-ray line. More usually a quantitative measure is needed, which may be provided by recording the counter output in a given time for a spot analysis. Alternatively the signal may be fed to a pen recorder or to the second beam of a double -beam oscilloscope, to give a line analysis (as in Figure 10 ). Complete two-dimensional mapping can be obtained by the expanded contrast method of contour mapping, in which the output is electronically gated so as to show in the image only those regions which contain a concentration within set limits. Figure 11 shows an example, in the case of a ball-bearing steel, in which three different levels of chromium concentration are imaged. Optical and electron scanning images are also reproduced, as is usual for purposes of comparison, together with a phosphorus image to show its correspondence with the distribution of chromium (Duncumb, Long and Melford, 1964) .
The possible use of the microanalyser in biology and medicine have been much less exploited than in metallurgy and mineralogy. This is partly due to the greater difficulties encountered, both in preparing specimens and interpreting the results. Exploratory experiments have already been made, however, in the following directions:
Natural mineral content of bone and tooth. Foreign bodies in tissues, as in industrial lung diseases. Diffusion or circulation of artificially introduced foreign material, such as implants or injections. Histological studies, such as the distribution of iron and zinc in various organs in normal and pathological conditions. Identification of sites of metabolic activity, by labelling enzymes with inorganic elements. Considerable progress has been made in finding the best ways of preparing different types of specimen, in terms of section thickness, embedding material, supporting film, and optimum thickness of metal coating. Also the best operating conditions of the microanalyser have to be found, to minimise damage to the specimen, and an exact correlation between the X-ray or electron image and the optical micrograph must be established, which is not always a simple matter in subjects of poor contrast. These problems have recently been discussed, in the context of particular biological applications, by Hall, Hale and Switsur (1966) and by Marshall, Hall and Hale (1967) .
More information, about the design, construction and operation of the electron probe microanalyser will be found in a recent survey article (Cosslett, 1965) and in the numerous references listed there. Many applications in all branches of science and technology are described in the proceedings of various symposia on the subject, in particular: X-ray Optics and X-ray Microanalysis (Academic Press, New York, 1963): The Electron Microprobe (Wiley, New York 1966): and Optique des Rayons X et MicroAnalyse (Hermann, Paris, 1967) .
The Combined Electron Microscope and Microanalyser
There are obvious advantages in being able to carry 'out microanalysis by X-ray emission on the specimen in an electron microscope. Both German and Japanese manu- Scanning Microscopy with Electrons and X-rays 63 facturers have therefore fitted simple spectrometers to a standard electron microscope, but this allows only a very crude accuracy to be achieved: the X-ray signal from a thin specimen is very low and the gathering angle of the spectrometer is small, as it cannot be brought close to the origin of X-rays.
A more promising solution to the problem is to design a completely new instrument, in which the functions of a microanalyser and a transmission microscope are combined. This has been done by Duncumb (1966) in the form of an electron microscope-microanalyser (EMMA), which consists of the probe-forming system of a microanalyser followed by the image-forming system of a conventional electron microscope (Figure 12 ). In preliminary experiments Duncumb has been able to obtain a resolving power of about 0.1 fim, with reasonably good analytical performance. It has proved possible, for instance, to identify an unknown phase in stainless steel as titanium sulphide. This hybrid instrument naturally can work only with specimens thin enough to be observed by transmission microscopy with a 50-100 kV electron beam. Extraction replicas or thinned metal foils offer a wide field of study, now that etching procedures for conventional electron metallography are well developed. There is also a good prospect^for certain biological applications, in [cases where a section thinner than about 0.25J^m^wilPgive an adequate X-ray"signal. To explore these possibilities, a number 84 V. E. COSSLETT (64) of makers of microprobe analyser are now fitting one or more electron lenses after the specimen holder, to provide transmission imaging. It is too early to say how widely useful this combination of techniques will prove to be. It may be, as with electron diffraction, that it is occasionally valuable to be able to do it in an electron microscope, but that for most applications it will be better to have two separate specialised instruments available.
